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We have characterized reovirus strains that differ in the degree to which they inhibit cellular protein synthesis and used
them to investigate mechanisms regulating gene expression in infected cells. A previous genetic study associated distinct
effects of reovirus strains on cellular translation with polymorphisms in viral protein s3. In cell extracts, s3 sequesters
double-stranded RNA (dsRNA) and blocks activation of the dsRNA-activated protein kinase (PKR), an interferon-induced
enzyme that inhibits translational initiation by phosphorylating eIF-2a. We found that in infected cells, cellular protein
synthesis is translationally regulated in a strain-specific manner. Using immunoprecipitation and indirect immunofluores-
cence we showed that the effect of a strain on cellular translation is not determined by the level of s3, but appears to
result from differences in s3 localization. In cells infected with a strain that spares cellular translation, s3 is present
throughout the cytoplasm, whereas in cells infected with inhibitory strains, s3 is restricted to perinuclear viral factories.
Biochemical studies suggested that diffuse localization of s3 is a consequence of low affinity for capsid protein m1. Our
findings are consistent with a model in which the efficiency of cellular translation is determined by the cytoplasmic level
of s3 that is not complexed with m1. q 1997 Academic Press
INTRODUCTION that infected cell extracts efficiently translate capped cel-
lular and viral messages (Brendler et al., 1981; Detjen
In response to viral infection, mammalian cells express et al., 1982). Because viral messages are abundant in
interferon-induced proteins that restrict gene expression infected cells, these investigators proposed that viral pro-
(Samuel, 1991). Many viruses have evolved strategies to tein synthesis predominates late in infection not by pref-
block the activities of these cellular proteins. Knowledge erential viral mRNA translation, but rather by viral mRNA
of the molecular mechanisms that influence gene expres- competition for a limiting initiation factor (Walden et al.,
sion in infected cells will enhance our understanding of 1981; Ray et al., 1983).
virus–cell interactions and may potentiate the develop- An alternative hypothesis is that viral translation in
ment of antiviral therapeutics. The mammalian reovirus infected cells is influenced by the capability of reovirus
system is ideal to study mechanisms used by viruses to protein s3 to locally block activation of the dsRNA-acti-
block cellular interferon-induced molecules since most vated kinase, PKR, in regions of the cytoplasm actively
strains replicate efficiently in interferon-treated cells involved in viral protein synthesis. PKR is an interferon-
(Feduchi et al., 1988). induced enzyme that inhibits translational initiation by
Following infection with many reovirus strains, the ma- phosphorylating eIF-2a (Hovanessian, 1991). Several
jority of proteins translated are of viral, rather than cellu- lines of evidence support the hypothesis that in the in-
lar, origin (Zweerink and Joklik, 1970). The mechanisms fected cell, newly synthesized s3 influences translation.
which result in favored viral gene expression have been Reassortant virus analysis mapped the polymorphism
investigated in several laboratories. It has been pro- between two reovirus strains that differ in their degree
posed that a change from cap-dependent to cap-inde- of inhibition of cellular protein synthesis to the reovirus
pendent translation occurs in infected cells (Skup and S4 gene encoding s3 (Sharpe and Fields, 1982). Sigma
Millward, 1980b) to favor the translation of uncapped viral 3 binds dsRNA in a sequence-independent manner
messages late in infection (Skup and Millward, 1980a; (Huismans and Joklik, 1976; Schiff et al., 1988; Denzler
Zarbl et al., 1980; Lemieux et al., 1984). However, this and Jacobs, 1994) and has been shown to inhibit PKR
hypothesis has been challenged. Other investigators pro- activation in vitro (Imani and Jacobs, 1988). s3 facilitates
vided evidence that viral mRNAs are capped and showed translation in transfected cells (Giantini and Shatkin,
1989), likely by blocking PKR activation. s3 also substi-
tutes for the PKR-inhibitory effects of the dsRNA-binding1 To whom correspondence and reprint requests should be ad-
vaccinia protein E3L in a recombinant vaccinia virusdressed at Department of Microbiology, University of Minnesota, 420
model (Beattie et al., 1995). In the virion, s3 is a majorDelaware St., S.E., Minneapolis, MN 55455. Fax: (612) 626-0623. E-mail:
schiff@lenti.med.umn.edu. structural component of the outer capsid, where it is
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found in association with m1 (Dryden et al., 1993). When (ICN), and lysed by three cycles of freezing and thawing
in 0.4 ml buffer containing 0.14 M NaCl and 1.5 mMcoexpressed with m1 in transfected cells, s3 loses the
capability to stimulate translation (Tillotson and Shatkin, MgCl2 . Incorporated radioactivity was quantitated by re-
suspending the lysates in 1.6 ml 25% trichloroacetic acid/1992), likely because s3 –m1 complexes do not bind
dsRNA (Huismans and Joklik, 1976). Whereas these stud- 5% casamino acids, allowing proteins to precipitate for
30 min on ice and filtering the precipitates onto glassies suggest that uncomplexed s3 can block PKR activa-
tion by sequestering its dsRNA cofactor, they do not ex- fiber filters (Whatman International Ltd., Maidstone, En-
gland). The filters were washed with 10 ml 5% trichloro-plain the mechanism of favored viral gene expression or
the means by which strains differ in their effects on pro- acetic acid and 1 ml acetone and quantitated for 35S by
liquid scintillation.tein synthesis.
To better understand the regulation of gene expres-
RNA isolation and Northern blottingsion in reovirus-infected cells, we identified a panel of
strains that differ in their effects on cellular protein syn-
Total cellular RNA was purified using RNAzol B (Tel-
thesis and used it to study the mechanism by which
Test, Inc., Friendships, TX) according to the manufactur-
reovirus influences cellular translation. We found that
er’s protocol. RNA was resuspended in water, electro-
cellular protein synthesis is regulated translationally in
phoresed in 1% agarose containing 2.2 M formaldehyde,
a strain-dependent manner and that the cytoplasmic lo-
and transferred onto nylon membranes (ICN) (Brown,
calization of s3 differs between strains. In cells infected
1993). RNA size markers (GIBCO) were electrophoresed
with Dearing, a strain that largely spares cellular transla-
in parallel and stained. RNA was cross-linked to the nylon
tion, s3 is present throughout the cytoplasm, whereas in
by illumination with 1.2 joules UV light using a UV Stra-
cells infected with inhibitory strains, s3 appears re-
talinker (Stratagene, La Jolla, CA). A restriction fragment
stricted to perinuclear regions that contain viral factories.
of a plasmid-encoded b actin gene was labeled with
Biochemical analysis revealed that strain-specific differ-
[a32P]dCTP (Amersham, Arlington Heights, IL) using a
ences in s3 localization likely result from differences in
random priming kit (Stratagene). pcDNA-DS4inverse was
the affinity of the s3 –m1 interaction. Since s3 that is
made by cloning the DearingS4 gene-containing EcoRI
uncomplexed to m1 facilitates translation, these data sup-
fragment from pUC-D S4 (Kedl et al., 1995) into EcoRI-
port a model in which the efficiency of cellular translation
digested pcDNAIAmp in the antisense orientation with
is determined by the amount of uncomplexed s3 present
respect to the CMV promoter of pcDNAIAmp. A riboprobe
in cytoplasmic regions of active cellular translation.
complementary to S4 mRNA was labeled with [a32P]UTP
(Amersham) by the Ribomax method (Promega, Madison,
MATERIALS AND METHODS WI) using T7 RNA polymerase (GIBCO) and XbaI-linear-
ized pcDNA-DS4inverse. Probes were purified using Nuc-Cells and viruses
Trap (Stratagene) columns, quantitated by Cerenkov
L cells were maintained as suspension cultures as counting, and 1 1 107 cpm probe was diluted into 10 ml
described previously (Kedl et al., 1995). COS cells were Quickhyb (Stratagene) and used for hybridization. The
maintained as monolayers in DMEM supplemented to blots were washed several times with a solution con-
contain 10% FCS, 50 units/ml penicillin, 50 mg/ml strepto- taining 15 mM NaCl, 1.5 mM sodium citrate, and 0.1%
mycin, and 2 mM glutamine (GIBCO, Grand Island, NY). SDS prior to autoradiography.
Reovirus strains serotype 1 Lang (Lang or L), serotype 2
Jones (Jones or J), serotype 3 Dearing (Dearing or D), Immunoprecipitation
and clone 87 (87, c87, or Abney) are prototypic laboratory
Rabbit anti-reovirus serum (prepared against strainstrains. Other strains used in the study have been de-
Lang) was generously provided by Bernard Fields. Mono-scribed (Kedl et al., 1995). Third-passage lysate stocks
clonal antibody (mAb) 10H2 was generously provided bywere prepared in L cell cultures. Purified virions were
Kenneth Tyler and Herbert Virgin. One milliliter of Proteinprepared by CsCl density gradient centrifugation of ex-
G–Sepharose 4 Fast Flow beads (Pharmacia LKB Bio-tracts from cells infected with third-passage lysate stocks
technology, Piscataway, NJ) was washed in immunopre-(Furlong et al., 1988).
cipitation buffer [containing 0.1 M NaCl, 1 mM EDTA,
10 mM Tris (pH 7.5), and either 0.5% Nonidet P-40 (forProtein synthesis inhibition assay
immunoprecipitations using antiserum) or 0.05% Nonidet
P-40 (for immunoprecipitations using mAb)] . WashedThe method of Sharpe and Fields (Sharpe and Fields,
1982) was employed with modifications. L cells (2 1 105) beads were resuspended in a solution containing either
10 ml antiserum or 20 ml 10H2 and immunoprecipitationplated in 15-mm wells were infected, pulse-labeled for 30
min in 0.2 ml methionine-free DMEM (ICN Biochemical, buffer to a total of 500 ml, and mixed for 20 hr at 47. To
block protein-reactive sites on the beads, 0.5 ml unin-Costa Mesa, CA) containing 5 mCi/ml [35S]methionine
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fected cell extract (prepared by lysing 1 1 106 L cells
in 1 ml immunoprecipitation buffer and collecting the
supernatant after centrifugation for 10 min at 10,000 g)
was added and beads were mixed for an additional hour
at 47. Fifty microliters of 35S-labeled cell extracts were
mixed with 30 ml blocked, antibody-bound beads that
had been washed 31 in immunoprecipitation buffer to
remove free antibody. The solutions were mixed for 1–
24 hr at 47, after which the supernatant was removed
and beads were washed 31 in immunoprecipitation
buffer and boiled 3 min in sample buffer (1.17 M sucrose,
4% SDS, and 0.5 M Tris–HCl (pH 8) containing bromo-
phenol blue and 50 ml/ml b-mercaptoethanol). Labeled
proteins were analyzed by 10% sodium dodecyl sulfate –
polyacrylamide gel electrophoresis (SDS–PAGE) (Laem-
mli, 1970) and fluorography.
Indirect immunofluorescence
L cells (2 1 105) were plated onto coverslips (Dynalab,
Rochester, NY) in 15-mm wells and were allowed to ad-
here for 2.5 hr prior to infection. After 20 hr at 377, indirect
immunofluorescence was performed as previously de-
scribed (Quinlan et al., 1984) using 15 ml/well monoclonal
antibodies diluted to 10 mg/ml in PBS. Isotype-matched
IgG antibodies 4F2 (anti-s3), 10G10 (anti-s3), and 10H2
(anti-m1) were generously provided by Kenneth Tyler and
Herbert Virgin. Anti-mouse rhodamine-conjugated IgG
was purchased from Caltag (San Francisco, CA). Immu- FIG. 1. Reovirus strains differ in their effects on cellular translation.
(A) 2 1 105 L cells were plated and allowed to adhere for 2 hr at 377nostained cells were examined with a Bio-Rad MRC-1000
prior to mock infection (mock or M) or infection in triplicate at 80 PFU/confocal microscope equipped with a krypton/argon la-
cell with the strains indicated. Cells were pulse-labeled with mediumser (Bio-Rad Laboratories, Hercules, CA). Images were
containing 5 mCi [35S]methionine/ml at 20 hr pi. Incorporated 35S was
processed using Confocal Assistant, a program written quantitated by trichloroacetic acid precipitation and liquid scintillation.
by T. C. Brelje (Department of Cell Biology and Neuro- Dark bars represent average 35S incorporated in thousands of counts
per minute (CPM 1 1000); hatched areas represent standard devia-anatomy, University of Minnesota) and Adobe Photoshop,
tions. (B) L cells were plated, infected in duplicate, and labeled as(Adobe Systems, San Jose, CA). Images were printed
described above except that medium containing 50 mCi [35S]-using a Fuji Pictography 3000 digital printer (Tokyo,
methionine/ml was used. Monolayers were washed with PBS and lysed
Japan). in 0.1 ml immunoprecipitation buffer containing 0.5% NP-40. 50 ml of
the lysates were boiled in sample buffer and analyzed by 10% SDS–
PAGE and fluorography. The positions of viral proteins are marked toRESULTS
the right of the figure; cellular proteins are evident as a ladder of
labeled bands. (C) L cells were plated and mock infected or infectedReovirus strains differ in their effects on cellular
in duplicate as above prior to harvesting total RNA 20 hr pi. RNAtranslation
was electrophoretically resolved, transferred to nylon membrane, and
probed for bactin or S4 mRNA. Autoradiographic bands representingTo study mechanisms by which reovirus influences
bactin or S4 mRNA, as indicated to the right, are shown.
cellular gene expression, we first set out to identify a
panel of viral strains that differ in their effects on cellular
protein synthesis. We used high multiplicity of infection effects on methionine incorporation beginning at 14 hr
pi, with maximal differences evident 18–22 hr pi (data(m.o.i.) conditions previously shown to be required for
the inhibition of protein synthesis by strain Jones (Sharpe not shown). At 20 hr pi, infection with c8, c9, c43, c45,
c87, and c93 inhibits 35S incorporation even more effi-and Fields, 1982). These same conditions did not result
in inhibition following Dearing infection. We infected L ciently than Jones, whereas 35S incorporation in cells
infected with Dearing, c31, Lang, and c100 is relativelycells at m.o.i. 80 with the viral strains indicated in Fig. 1A,
and pulse-labeled them with [35S]methionine at various high (Fig. 1A). We concluded that reovirus strains differ
in their effects on total protein synthesis.times postinfection (pi). Quantitation of incorporated 35S
by TCA precipitation revealed that strains differ in their We next examined whether differences in total protein
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synthesis reflect variability in levels of viral proteins or that, in reovirus-infected cells, cellular protein expression
is regulated translationally in a strain-specific manner.cellular proteins. Labeled proteins from cells pulsed with
35S 20 hr pi were visualized by SDS–PAGE and fluorogra-
Inefficient cellular translation is not a consequence ofphy (Fig. 1B). Cells infected with the least inhibitory strain,
abundant viral mRNADearing, synthesized cellular proteins (evident as a lad-
der of labeled bands) more efficiently than cells infected It has been suggested that viral protein synthesis pre-
with inhibitory strains c8 and c87. Cells infected with dominates in reovirus-infected cells because viral
strains Lang and c31 appeared to have an intermediate mRNAs compete with cellular mRNAs for limiting transla-
phenotype, consistent with their effects on total protein tional factors (Walden et al., 1981). This hypothesis pre-
synthesis (Fig. 1A). Densitometric quantitation of an area dicts that reovirus strains, that are inhibitory to cellular
containing representative cellular proteins (indicated translation express more viral mRNA relative to cellular
with an asterisk at the left of Fig. 1B) confirmed that mRNA than strains that are noninhibitory. To investigate
levels of cellular proteins varied among strains. Relative this possibility, we used Northern blotting to compare
to levels in mock-infected cells, c87 was the most inhibi- the ratio of viral to cellular mRNA after infection with
tory (16% of mock infected), followed by c8 (23%), Lang Dearing, c8, c31, and c87. Total RNA was probed for S4
(30%), c31 (39%), and Dearing (75%). Since strain-specific mRNA using 32P-labeled antisense S4 RNA generated in
inhibition of cellular protein synthesis, as determined by vitro (Fig. 1C). S4 mRNA was quantified by densitometry
densitometry, paralleled strain-specific inhibition of total and the ratio of S4 mRNA to bactin mRNA in cells in-
protein synthesis as determined by TCA precipitation, fected with Dearing, c8, c31, or c87 was calculated (Table
we concluded that strains differ in their effects on cellular 1). We found that inhibition of cellular translation is not
protein expression. a consequence of a high ratio of S4 mRNA to bactin
mRNA. Cells infected with Dearing and c87, for example,To determine whether these strain-specific effects on
contained similar quantities of each mRNA species latecellular protein synthesis were the result of transcrip-
in infection (S4/bactin mRNA ratios of 0.64 and 0.72,tional or translational regulation, we next analyzed levels
respectively) even though cellular protein synthesis wasof mRNA for a representative cellular protein, bactin, in
markedly inhibited upon c87 infection and spared follow-cells infected with Dearing, c8, c31, or c87. L cells were
ing Dearing infection. Analysis of the ratio of viral M2infected at m.o.i. 80 and total RNA was harvested 20 hr
mRNA to bactin mRNA revealed similar results (data notpi. Northern analysis using a 32P-labeled bactin probe
shown). We concluded that the molecular mechanismdemonstrated that the level of bactin mRNA present in
determining the efficiency of cellular translation does notcells infected with each of these strains is quite similar
depend solely on the abundance of viral mRNA.(Fig. 1C), indicating that these strains do not differ in their
effects on cellular transcription. We used densitometry to
Inefficient cellular translation is not correlated withcompare levels of cellular protein with levels of bactin
rapid viral replicationmRNA in infected cells. The ratio of cellular protein to
bactin mRNA in cells infected with c87 was the lowest, Previous studies correlated inhibited cellular protein
synthesis with a rapid viral replication rate (Munemitsufollowed by c8, c31, and Dearing (Table 1). We concluded
TABLE 1
Densitometric Quantitation of Protein and mRNA in Reovirus-Infected Cells
Number of pixels by densitometry ({ SD)
Bands quantified Mock Lang Dearing c8 c31 c87
Cellular proteins (% Mock) 6511 { 533 1924 { 52 (30%) 4902 { 90 (75%) 1475 { 3 (23%) 2513 { 4 (39%) 1031 { 140 (16%)
bactin mRNA 9021 6795 { 60 6721 { 242 8075 { 430 6159 { 347
S4 mRNA 4347 { 192 6731 { 552 5680 { 614 4448 { 268
Ratio cellular protein/bactin
mRNA 0.72 0.72 0.22 0.31 0.17
Ratio S4/bactin mRNA 0.64 1.00 0.70 0.72
Note. Autoradiographic bands representing cellular proteins (contained within the bracketed area identified with an asterisk in Fig. 1B) and bactin
and S4 mRNA (shown in Fig. 1C) were quantitated using the NIH Image program written by Wayne Rasband and available on the Internet at
www.zippy.nimh.nih.gov. Autoradiographs were scanned and the numbers of pixels contained within each band or area of interest was determined.
The number of pixels is shown; those values for which standard deviations are shown represent the average number of pixels contained within
duplicate areas or bands.
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FIG. 2. Strains grow with similar kinetics in one-step growth assays. 1.1 1 106 L cells in 3 ml SMEM were plated in 35-mm wells. 24 hr after
incubation at 377, medium was aspirated and monolayers were infected in duplicate with strains indicated. (a) At 0, 2, 4, 6, 12, and 48 hr after m.o.i.
80 infection, infected cell cultures were lysed by three cycles of freezing and thawing. The mean titer for each infected sample was determined by
duplicate plaque assay (Tyler et al., 1985). Titers presented are the average of the two means for each strain. (b) At 0, 1.5, 3, 4, 12, 24, and 50 hr
after m.o.i. 5 infection, infected cell cultures were lysed and viral titers were determined as described above.
and Samuel, 1984; Danis and Lemay, 1993). To investi- dsRNA, cellular translation would be inhibited in coin-
fected cells.gate the possibility that inhibitory strains c8 and c87
replicate more efficiently than strains Dearing and c31, To test these predictions, we coinfected L cells with
50 PFU/cell of Dearing and either Jones or c87. Singlewe analyzed one-step growth curves of these strains
after m.o.i. 80 infection. We found that viral growth kinet- strain infections were carried out at m.o.i. 50 and at m.o.i.
100 to ensure that the observed effects of coinfectionics and viral yields are similar among these four strains
(Fig. 2a). Replication rates and viral yields are also similar were not simply due to the higher m.o.i. inoculum. We
found that the level of cellular protein synthesis in cellsfollowing m.o.i. 5 infection (Fig. 2b). These results sug-
gest that rapid viral growth does not necessarily result coinfected with Dearing and c87 was comparable to the
level in cells infected with Dearing alone (Fig. 3A). Effec-in or depend upon inhibited cellular translation.
tive coinfection was demonstrated by the presence of
both Dearing and c87 s3 proteins, which slightly differTranslational sparing is dominant in mixed infections
in their electrophoretic mobility, in the coinfected cells.
Similarly, cellular translation was spared in Dearing- andIt is known that cellular translation is inhibited by the
Jones-coinfected cells (Fig. 3B). These findings indicateinterferon-induced, dsRNA-activated kinase, PKR (Ho-
that Dearing s3 dominantly spares cellular protein syn-vanessian, 1991), and that s3 blocks PKR activation in
thesis in cells coinfected with an inhibitory strain.infected cell extracts (Imani and Jacobs, 1988). A genetic
study using reassortants prepared between strains Dear-
ing and Jones mapped the polymorphism in translational The level of s3 expression does not determine
inhibition to the reovirus S4 gene (Sharpe and Fields, cellular translational efficiency
1982). We hypothesized that in infected cells, Dearing
s3 blocks PKR activation to spare cellular translation and Because Dearing delivered a dominant positive signal
to cellular translation, and since strain-specific differ-predicted that in cells coinfected with Dearing and an
inhibitory strain, Dearing s3 would deliver a dominant ences in effects on cellular translation have been
mapped to the S4 gene (Sharpe and Fields, 1982), wepositive signal to cellular translation. To the contrary, the
hypotheses that viral protein synthesis predominates due next investigated whether strains that are sparing to cel-
lular translation express more s3 than inhibitory strains.to the presence of abundant viral mRNA that out-com-
petes cellular mRNA for limiting translational factors We used immunoprecipitation to examine levels of 35S-
labeled viral proteins synthesized at various times pi. We(Walden et al., 1981; Ray et al., 1983), or due to a switch to
translation of uncapped viral mRNA (Skup and Millward, first examined the reactivity of rabbit anti-reovirus serum
with proteins of Dearing, c31, c87, and c8. Purified virions1980a; Zarbl et al., 1980; Lemieux et al., 1984), both pre-
dict that cellular translation would be inhibited in cells were disrupted in sample buffer and viral proteins were
resolved by SDS–PAGE, transferred to nitrocellulosecoinfected with both an inhibitory and a noninhibitory
viral strain. Similarly, if stocks of inhibitory strains con- membrane, and visualized by Ponceau S staining. Equiv-
alent levels of viral proteins of each strain are transferredtained or induced a greater quantity of PKR-activating
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among strains and is independent of their translational
phenotype. Synthesis of Dearing and c87 s3 is first de-
tected at 2 hr pi and peaks at about 7 hr pi. In contrast,
s3 and other viral proteins are not detected in c8- and
c31-infected cells until 4 hr pi and do not peak until after
13 hr pi. Our findings demonstrate that the relative level
of s3 after infection does not determine viral effects on
cellular translation, since the group of strains that more
rapidly express viral proteins contains both an inhibitory
(c87) and a noninhibitory (Dearing) strain. Similarly, the
FIG. 3. Translational sparing by Dearing is dominant in mixed infec-
tions. L cells were plated and duplicate cultures were infected using
the reovirus strains and m.o.i. indicated. Cells were pulse-labeled with
0.2 ml medium containing 50 mCi [35S]methionine/ml at 20 hr pi. Mono-
layers were washed with PBS and lysed in 0.1 ml immunoprecipitation
buffer. 50 ml of the lysates were boiled in sample buffer and analyzed
by 10% SDS– PAGE and fluorography. The positions of viral proteins
are marked to the right of the figure; cellular proteins are evident as
a ladder of labeled bands.
to nitrocellulose by this method (Fig. 4A). The membrane
was then destained and subjected to immunoblotting.
We found that the major outer capsid proteins s3 and
m1/m1C of each of these strains is recognized equiva-
lently by the antiserum (Fig. 4B). The antiserum did not FIG. 4. Anti-reovirus serum recognizes s3 and m1 of strains D, c31,
c87, and c8 equivalently. (A) The proteins of 2.5 1 1011 purified reovirusbind Jones s3 on immunoblots (data not shown). Immu-
particles of strains indicated at the top were separated on 10% SDS–noblot analysis of reovirus proteins is quantitative, since
PAGE and transferred to nitrocellulose membrane as previously de-the intensity of the signal obtained by this method is
scribed (Kedl et al., 1995). Membrane bound proteins were stained
proportional to the quantity of viral protein resolved by with 0.005% Ponceau S in 0.17 M acetic acid and photographed. (B)
SDS–PAGE (Fig. 4C). The membrane was destained with water and immunoblotted using
anti-reovirus serum and reagents that generated a chemiluminescentTo investigate whether strains Dearing and c31 ex-
signal (Amersham) as previously described (Kedl et al., 1995). (C) Thepress more s3 during infection than strongly inhibitory
proteins of 6.25 1 108 (lane 1), 1.25 1 109 (lane 2), 2.5 1 109 (lane 3),strains c8 and c87, we infected L cells with these strains
5 1 109 (lane 4), or 1 1 1010 (lane 5) purified Dearing virions were
and immunoprecipitated viral proteins at 2, 3, 4, 5, 6, 7, separated on 10% SDS–PAGE, transferred to nitrocellulose membrane,
15, and 19 hr pi. As shown in Fig. 5, we found that the and immunoblotted using anti-reovirus serum as described above. The
positions of viral proteins are marked to the right of the figure.kinetics of synthesis of s3 and other viral proteins varies
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FIG. 5. The kinetics of s3 expression varies among strains but does not correlate with effects on translation. L cells were plated and infected
with strains c8, c87, Dearing, or c31 prior to labeling at 2, 3, 4, 5, 6, 7, 15, and 19 hr pi as described in the legend to Fig. 1B. Monolayers were
washed with PBS and lysed in 0.1 ml immunoprecipitation buffer. Labeled viral proteins from lysates that had been cleared of cellular debris by
centrifugation at 10K rpm for 10 min were immunoprecipitated with anti-reovirus serum and analyzed by 10% SDS–PAGE and fluorography. The
positions of viral proteins are marked to the right of the figure.
group of strains that more slowly express viral proteins and that s3 localization influences translational regula-
tion in infected cells. To investigate this possibility, wecontains a strongly inhibitory (c8) and a less inhibitory
(c31) strain. used indirect immunofluorescence and confocal micros-
copy to localize s3 and capsid protein m1/m1C in infected
s3 proteins are highly homologous in proposed cells (Fig. 7). Results are shown for Dearing, Jones, and
dsRNA-binding regions c87 because the kinetics of viral gene expression are
similar in cells infected with these strains.Having found that the amount of s3 does not determine
As shown in Fig. 7, staining of cells infected with Dearing,the degree of translational sparing characteristic of a
Jones, or c87 with mAb 10H2 revealed that capsid proteinstrain, we next considered whether differences in s3-
m1/m1C is largely localized in perinuclear clusters, likelydsRNA affinity influence the capability of s3 molecules to
representing previously described perinuclear reoviral fac-
block PKR activation. We concluded that this is unlikely,
tories (Sharpe et al., 1982). However, the localization of s3
however, since the S4 genes of Dearing, Jones, c8, c31,
is quite different in Dearing-, Jones-, and c87-infected cells.
and c87 share very high homology throughout their open
Sigma 3 is present diffusely in the cytoplasm of cells in-
reading frames (Kedl et al., 1995) and their encoded s3
fected with Dearing and stained with anti-s3 mAbs 4F2 or
proteins are identical in regions proposed to mediate
10G10 (not shown). Staining was also observed in the nu-
dsRNA binding (Miller and Samuel, 1992; Denzler and
cleus of these Dearing-infected cells, consistent with the
Jacobs, 1994), with the exception of Jones, which con- observation that Dearing s3 expressed in transfected cells
tains conservative K293R and R296K substitutions (Fig. 6). can localize to the nucleus (Yue and Shatkin, 1996).
In contrast to the diffuse cytoplasmic staining of s3
s3 localization differs among strains
observed in cells infected with Dearing, s3 is more re-
An alternative hypothesis is that the subcellular local- stricted to perinuclear regions of cells infected with inhib-
itory strain c87. Staining of Jones-infected cells with anti-ization of s3 varies, depending upon the infecting strain,
FIG. 6. s3 proteins are homologous in proposed dsRNA-binding regions. s3 Amino acids 234–297 of strains indicated at left are shown. Arg-
and Lys-rich regions proposed to mediate dsRNA binding (Miller and Samuel, 1992) are underlined. Amino acids known to be important for dsRNA
binding (Denzler and Jacobs, 1994) are shown in bold.
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FIG. 7. The subcellular localization of s3, but not m1, differs following infection with reovirus strains. L cells were mock infected (M) or infected
at m.o.i. 80 with Dearing, c87, or Jones prior to indirect immunofluorescence with monoclonal antibodies directed against s3 or m1. Sigma 3-specific
monoclonal antibody 4F2 was used to detect the D and c87 s3 molecules. Antibody 10G10 was used to detect Jones s3. Monoclonal antibody
10H2 was used to detect m1. Stained cells were analyzed on a Bio-Rad MRC-1000 confocal microscope and Z series projections were merged
using Confocal Assistant.
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bulk of m1 from these lysates, free s3 remained in the
unprecipitated supernatants from both c87 and Dearing
lysates (Fig. 8C). We concluded from this analysis that
s3–m1 affinity was stronger in c87-infected cells than in
Dearing-infected cells. Similar analysis revealed that
more s3 was immunoprecipitated with m1 from cells in-
fected with inhibitory strain Jones than from Dearing-
infected cells (data not shown).
We next used a phosphorimager to quantify bands
corresponding to m1 and s3 that were immunoprecipi-
tated from cells infected with Dearing, Jones, and c87.
We found that high levels of s3–m1 complexes (Table 2)
correlated with the inhibition of cellular protein synthesis
(Table 1). These data are consistent with a model in
which s3 is bound with high affinity to m1 in cells infected
with inhibitory strains Jones and c87, such that most s3
is localized to the perinuclear region, whereas in cells
FIG. 8. The amount of s3 bound to immunoprecipitated m1 differs infected with Dearing, s3–m1 interactions are weaker,
between Dearing and c87. 2 1 105 cells were mock infected (M) or resulting in broadly distributed s3.
infected at m.o.i. 80 with Dearing (D) or c87 (87) 20 hr prior to pulse
labeling with [35S]methionine as described in the legend to Fig. 1B.
Labeled cells were lysed in 200 ml immunoprecipitation buffer con- DISCUSSION
taining 0.05% NP-40 by three cycles of freezing and thawing. 25 ml of
the lysates that had been cleared of cellular debris by centrifugation In this study, we identified reovirus strains that differ
at 10K rpm for 10 min are shown in A. Viral protein complexes immu- in their effects on cellular protein synthesis and used
noprecipitated from the lysates using anti-m1 mAb 10H2 are shown in them to investigate the regulation of cellular translation
B. C shows 25 ml of supernatant after precipitation.
in infected cells. By analyzing levels of mRNA and protein
synthesized pi, we found that cellular protein expression
s3 mAb 10G10 also revealed a restricted cytoplasmic is translationally regulated in a strain-specific manner.
localization. The s3 in some Jones- and c87-infected Our studies do not support the controversial hypothe-
cells appears to localize to a filamentous network which sis that reovirus infection induces a switch to the prefer-
might represent viral factory-associated vimentin fila- ential translation of uncapped mRNA to favor the transla-
ments (Sharpe et al., 1982). Since PKR is known to be tion of late viral mRNAs (Skup and Millward, 1980b,
distributed throughout the cytoplasm (Jimenez-Gardia et 1980a; Lemieux et al., 1984). Cells infected with Dearing
al., 1993), these data are consistent with a model in which efficiently synthesized both viral and cellular proteins
infection with noninhibitory strains results in more effi- (Figs. 1B and 3). If efficient viral protein synthesis relied
cient cellular translation because higher levels of cyto- on inactivation of a factor required for cap-dependent
plasmic s3 are available to locally block PKR activation. translation of cellular mRNAs, efficient viral and efficient
cellular protein synthesis would not be expected to occur
s3-m1 affinity differs among strains
concurrently. Further, translational sparing is dominant
in cells coinfected with two strains, one that stronglyHaving found by immunofluorescence that the m1 pro-
teins of all strains studied localized to the perinuclear inhibits cellular translation and one that does not (Fig.
3). If inhibited cellular translation after Jones- or c87-region of infected cells, whereas s3 localization differed
among strains, we hypothesized that s3–m1 affinity dif- infection involved inactivation of a factor required for cap-
dependent translation, inhibition of cellular protein syn-fers among strains such that weaker affinity results in
more diffuse s3 localization. To test this hypothesis, we thesis would be expected to be dominant in coinfected
cells.coimmunoprecipitated m1 and s3 with a m1-specific mAb.
L cells were infected with Dearing or c87 20 hr prior to Our analysis of the patterns of mRNA synthesis in in-
fected cells also was inconsistent with the hypothesislabeling with [35S]methionine. The cells were lysed and
proteins were immunoprecipitated under conditions that that viral protein synthesis predominates in infected cells
because abundant viral mRNAs compete with cellularpreserve protein complexes. Immunoprecipitated com-
plexes were resolved and visualized by SDS–PAGE and mRNAs for limiting translational factors (Walden et al.,
1981; Ray et al., 1983). This mRNA competition modelfluorography. We found by this method that a much larger
amount of s3 was immunoprecipitated with m1 from cells predicts that the ratio of viral to cellular mRNA influences
the degree of inhibition of cellular translation, a predic-infected with c87 than from Dearing-infected cells (Fig.
8B). Further, although immunoprecipitation removed the tion not supported by our findings.
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TABLE 2 These data are consistent with a model in which viral
protein synthesis is spared in cells infected with allQuantitation of the Amount of s3 Bound to Immunoprecipitated ml
strains by s3-mediated blockade of PKR activation in
Bands cytoplasmic regions of viral replication. In cells infected
quantified Dearing Jones c87 with noninhibitory strains like Dearing, PKR is efficiently
inhibited throughout the remainder of the cytoplasm by
s3 1323 { 129 902 { 65 14397 { 455
the more diffuse localization of s3. Consistent with thism1 5801 { 145 2149 { 143 29077 { 2441
model is the finding that eIF2-a is less phosphorylatedRatio s3/m1 0.23 0.42 0.50
in cells infected with Dearing than in cells infected with
Note. 2 1 105 cells were infected at m.o.i. 80 with Dearing of c87 or the inhibitory strain Jones (Lloyd and Shatkin, 1992). The
Jones 20 hr prior to pulse labeling with [35S]methionine as described previous observation that Dearing-infected cells are ca-
in the legend to Fig. 8. Immunoprecipitations were carried out using pable of efficient viral translation despite upregulated
m1-specific mAb 10H2 under conditions to maintain protein complexes
interferon-induced antiviral enzymes (Feduchi et al.,and samples were analyzed by SDS–PAGE. Bands representing coim-
1988) supports our model that antiviral enzymes are lo-munoprecipitated s3 and m1 were quantitated from duplicate samples
using a Molecular Dynamics 445 SI Phosphorimager (Molecular Dy- cally inactivated in areas of cytoplasm supporting viral
namics Inc., Sunnyvale, CA). replication.
Our observation that the Dearing s3 protein is present
in the nucleus of infected and transfected cells suggestsOur studies confirmed earlier reports (Munemitsu and
that s3 may function in the nucleus to regulate cellularSamuel, 1984) that reovirus strains differ in their time course
gene expression. Interestingly, other PKR-inhibitory pro-of gene expression in L cells, with some strains expressing
teins including the NS-1 protein of influenza virus, thetheir proteins more rapidly than others. However, in contrast
vaccinia virus E3L protein, and the La autoimmune anti-with other studies (Munemitsu and Samuel, 1984; Danis
gen are localized to both the nucleus and the cytoplasmand Lemay, 1993), our experiments using several viral
(Yuwen et al., 1993; Xiao et al., 1994; Lu et al., 1995) asstrains revealed no direct correlation between the degree
is PKR itself (Jeffrey et al., 1995). These findings suggestof inhibition of cellular protein expression and the rapidity
that these dsRNA-binding proteins may have both nu-of viral gene expression. We found that s3 is expressed
clear and cytoplasmic roles.early in infection (between 2 and 4 hr pi depending upon
The fact that s3 is localized to different subcellularthe strain), whereas differences in the inhibition of cellular
locations upon infection with different reovirus strains isprotein synthesis are not apparent until 14 hr pi (data not
interesting in light of findings suggesting that differentshown). Since we postulate that s3 has a stimulatory effect
viruses replicate in distinct translational compartmentson translation, we were not surprised that its expression
within the cell. For example, influenza virus, adenovirus,did not correlate with the time course of inhibited cellular
and vesicular stomatitis virus mRNAs and many cellulartranslation. Our results suggest that a negative regulator
mRNAs require association with cytoskeleton-boundof cellular translation may be synthesized beginning at 14
polysomes to be efficiently translated (Cervera et al.,hr pi or may accumulate to significant levels at this time.
1981; Katze et al., 1989; Hesketh and Pryme, 1991),We demonstrated by immunofluorescence that strains
whereas vaccinia virus mRNAs and other cellular mRNAsdiffered with respect to the subcellular localization of s3.
are efficiently translated on free cytoplasmic polysomesIn cells infected with Dearing, s3 had a diffuse cyto-
(Lemieux and Beaud, 1982; Hesketh and Pryme, 1991).plasmic localization, whereas s3 was largely restricted
Other evidence indicates that cellular antiviral moleculesto viral factories in cells infected with inhibitory strains
may be unevently distributed among these translationalc87 and Jones. We found by immunoprecipitation that
compartments. Over-expressed PKR inhibits the replica-strain differences in the localization of s3 correlated with
tion of encephalomyocarditis but not vesicular stomatitisdifferences in s3 –m1 affinity. Dearing s3 bound m1
virus (Meurs et al., 1992), and different forms of 2-5Apoorly and had a diffuse localization, whereas c87 and
synthetase are differently localized in the cytoplasm (Ma-Jones s3 proteins bound m1 with higher affinity and were
rie et al., 1990). These observations suggest that inter-preferentially localized to perinuclear viral factories. The
feron-induced cellular proteins, whose antiviral activitiesfinding that s3 is present in the nucleus of cells trans-
appear to overlap in vitro, may have evolved to functionfected with the Dearing S4 gene but remains cytoplasmic
within different subcellular environments in vivo. Reovi-in cells cotransfected with S4 and M2 (Yue and Shatkin,
rus strains that differ in the subcellular localization of s31996) supports the hypothesis that s3–m1 association
after infection will serve as useful tools to investigateinfluences s3 localization. Immunoprecipitation analysis
whether cellular antiviral products are spacially orga-demonstrated the presence of s3 uncomplexed to m1 in
nized and whether viruses have evolved mechanisms toall strains analyzed. Confocal analysis also suggested
circumvent these cellular defenses specifically in regionsthat, even in the case of inhibitory strain c87, not all s3
was colocalized with m1. where they replicate.
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